INTRODUCTION
Triple-negative breast cancer (TNBC) comprises 15 to 20% of breast cancers and is an aggressively metastatic disease for which there are no approved molecularly targeted therapies. Fifty percent of patients with localized TNBC treated with neoadjuvant chemotherapy (NACT) have substantial residual cancer burden (RCB-II or RCB-III) detected by pathology evaluation of the breast and axillary nodes at the time of surgical resection. This insensitivity to chemotherapy is associated with a 40 to 80% risk of recurrence, resulting in distant metastasis and death for most patients (1) (2) (3) (4) . Delineating mechanisms used by TNBCs to evade NACT is expected to improve therapeutic interventions for patients with newly diagnosed disease, thereby improving long-term prognoses for those patients who respond poorly to NACT. TNBCs exhibit varying degrees of genomic intratumor heterogeneity (ITH) at the time of diagnosis (5-7). Studies profiling serial biopsies before and after NACT regimens consisting of various cytotoxic chemotherapies and targeted therapies have demonstrated that TNBCs can exhibit shifts in subclonal architecture or maintain stable genomic architecture after treatment (5, (8) (9) (10) . However, the functional contributions made by genomically heterogeneous tumor cell populations to therapy resistance and tumor progression remain unclear.
Resistance to therapy can occur through preexisting (intrinsic) or acquired (adaptive) mechanisms, and these can be due to genomic and/or nongenomic properties of tumor cells. Studies of reversible (nongenomic) chemoresistance mechanisms, including preclinical studies characterizing drug-tolerant states, chemotherapy rechallenge studies in the clinical and preclinical settings, and mathematical modeling of adaptive treatment regimes, have demonstrated that chemoresistant tumors can return to a chemosensitive state after a drug holiday (11, 12) . It is yet unclear whether genomic and/or nongenomic mechanisms functionally contribute to chemoresistance in treatment-naïve TNBC. In the case of lung cancer, resistance to epidermal growth factor receptor (EGFR) inhibition can occur through selection of a rare preexisting subclone harboring a resistance-enabling mutation or through eventual acquisition of the same mutation in initially nonmutant cells (13) . Epigenetic modifications have been found to contribute to drug resistance in several cancer types. For example, resistance to EGFR tyrosine kinase inhibitors and carboplatin in drug-tolerant cancer cells was mediated by the histone demethylase KDM5A (14) . A recent study revealed that epigenetic plasticity mediated by BRD4 and other chromatin modifiers drives survival of persister TNBC cells after targeted therapy treatment (15) . Furthermore, cancer stem-like cells harboring intrinsic mechanisms of drug resistance, including overexpression of drug efflux pumps (16) , enhanced DNA repair capacity (17) , and mesenchymallike properties (18) , can also account for resistance to therapy. Although enrichment of tumor cells with stem-like properties has been reported in estrogen receptor-positive tumors after endocrine therapy and in metaplastic breast tumors after docetaxel (19, 20) , this was not observed in residual TNBCs after NACT (9) .
Several studies interrogating human TNBCs before and after therapy have provided insights into potential mechanisms of resistance to chemotherapy. Activation of various signaling pathways [mitogen-activated protein kinase kinase (MEK), transforming growth factor- (TGF-) (8, 21) , protein kinase B (AKT1), and insulin-like growth factor 1], as well as extracellular matrix remodeling and hypoxia (10, 22, 23) are associated with resistance in some TNBC cases. In addition, tumor-infiltrating lymphocyte (TIL) concentration in treatment-naïve TNBC is predictive of response to NACT (24, 25) . However, none of this information is being used clinically to stratify patients or to predict outcome in the context of treatment-naïve TNBC. TNBC is characterized by substantial interpatient heterogeneity at the genomic, transcriptomic, and histologic levels (26) (27) (28) (29) . Thus, it is likely that diverse molecular mechanisms contribute to chemotherapy resistance within this patient population.
In this study, we investigated mechanisms of AC [doxorubicin (Adriamycin) combined with cyclophosphamide] resistance using patient-derived xenograft (PDX) models of treatment-naïve TNBC and serial biopsies obtained from TNBC patients undergoing NACT. Results revealed nongenomic mechanisms of resistance, whereby all treatment-naïve tumor subclones were equally capable of adopting a reversible drug-tolerant state upon exposure to AC. Tumor cells in this drug-tolerant state had distinct transcriptomes, proteomes, and histologic features compared with untreated tumors but gave rise to tumors with restored drug sensitivity, transcriptomes, proteomes, and histologic features of untreated tumors. Analyses of serial biopsies from TNBC patients undergoing NACT corroborated these histologic and genomic findings. Gene expression profiles of residual tumors in PDXs and in residual tumors of breast cancer patients revealed alterations in metabolic gene expression programs. On the basis of the gene expression signatures of residual tumors, mitochondrial oxidative phosphorylation was identified as a potential dependency in residual tumors, and inhibition of oxidative phosphorylation delayed residual tumor regrowth in PDX models of TNBC. Together, these studies revealed that a reversible phenotypic state not mediated by genomic selection can confer AC resistance in treatment-naïve TNBC and that the residual tumor state is a therapeutic window in chemorefractory TNBC.
RESULTS
PDX models of treatment-naïve TNBC exhibit distinct responses to NACT PDX models of treatment-naïve TNBC were established in alignment with an ongoing Institutional Review Board (IRB)-approved clinical trial at the University of Texas MD Anderson Cancer Center (MDACC) (30, 31) . Tumor cells obtained by fine-needle aspiration were engrafted into the fourth mammary fat pads (MFPs) of nonobese diabetic/severe combined immunodeficient (NOD/SCID) mice, and PDX lines were considered established after three consecutive passages (data file S1). All PDX models were established from treatment-naïve primary breast tumor biopsies, with the exception of PIM001-M, which was established from a treatment-naïve chest wall metastasis. PDX models were treated with AC because standard frontline NACT for patients with TNBC at MDACC consists of four cycles of AC (one dose every 21 days). A maximum tolerated dose of doxorubicin (0.5 mg/kg) and cyclophosphamide (50 mg/kg) was determined for NOD/SCID and NOD-Rag- (NRG) mice, and this dose was used throughout our studies ( fig. S1 , A to F) because maximum tumor response was achieved with this dose (fig. S1G ). PDX models of treatment-naïve TNBC exhibited diverse responses when treated with AC, including transient responses characterized by reduction in tumor size followed by regrowth, slowed tumor growth in the presence of AC, or no response to AC (Fig. 1) . To date, we have not generated a PDX model that exhibits a complete pathological response to AC.
Chemoresistance can be modeled in PDXs of treatment-naïve TNBC Three PDX models, characterized by a reduction in tumor size followed by regrowth after treatment, were selected for in-depth characterization to identify mechanisms of chemotherapy resistance. These models included PIM001-P (Patient-In-Mouse 1; derived from the primary breast tumor of a patient with treatment-naïve metastatic TNBC), PIM001-M (derived from a treatment-naïve synchronous chest wall metastasis of the patient whose primary tumor was used to generate PIM001-P), and PIM005 (derived from the breast tumor of a second patient with treatment-naïve TNBC). To determine whether multiple cycles of AC treatment could eradicate tumors, we administered AC every 21 days for one to eight cycles. In all three PDX models, AC elicited tumor regression; however, tumors regrew once treatment stopped ( Fig. 2A) . To determine whether regrown tumors were sensitive to AC, we treated tumorbearing mice with a single dose of AC, allowed tumors to regrow to the starting tumor volume, and readministered AC to the mice. Subsequent dosing elicited repeated, albeit reduced, tumor shrinkage after each AC cycle (Fig. 2 , B and C). Treatment with paclitaxel, a common second-line NACT agent, did not elicit responses in either the naïve or post-AC settings ( fig. S1H ), so it was not included in subsequent NACT modeling experiments. Together, these results demonstrated that AC treatment was unable to eradicate tumor cells and, once treatment was halted, surviving cells gave rise to tumor cells that were again sensitive to AC.
Residual tumors adopt distinct histologic features and are not enriched for cells with stem-like properties
Histologic features of residual tumors after AC treatment were distinct from those of vehicle-treated and regrown PIM001-P, PIM001-M, and PIM005 tumors (Fig. 3A) . Residual tumors showed desmoplasia characterized by increased stromal component and tumor cell pleomorphism, including irregular nuclear and cytoplasmic size and shape. In residual tumors, -smooth muscle actin-positive fibroblasts and collagen replaced epithelial membrane antigen-positive tumor cells ( fig. S2 ). In contrast, the histologic features of regrown tumors closely resembled those of vehicle-treated tumors, demonstrating the reversibility of the phenotype (Fig. 3 and fig. S2 ). In addition, subpopulations of residual tumor cells stained positive for Ki67 or phosphorylated histone H3, indicating that they were cycling ( fig. S3 ).
Rare populations of CD44 high /CD24 low and ganglioside GD2-positive cells were detected in vehicle-treated and residual tumor cells that had been depleted of mouse stroma ( fig. S4 ), and AC treatment did not significantly enrich for these cell populations ( fig. S5, A Histologic changes associated with AC treatment are similar in PDXs and patient tumors To determine whether the therapy-induced changes observed in PDX tumors were similar to those observed in patient tumors, we examined serial biopsies from TNBC patients enrolled in an ongoing neoadjuvant clinical trial (ARTEMIS) at MDACC (31) . Tumor tissue was obtained from five patients with treatment-naïve TNBC before treatment, after four cycles of NACT consisting of AC, and in two cases (ART-6 and ART-57) also after a 3-month course of targeted therapy (atezolizumab + paclitaxel and panitumumab + carboplatin + paclitaxel, respectively). ART-57 developed a chest wall metastasis, which was also evaluated. Four (ART-11, ART-14, ART-57, and ART-119) of five biopsies obtained after AC treatment exhibited similar histologic changes to those observed in residual PDX tumors (Fig. 3B and fig. S7 ). Fibrosis and a marked reduction in tumor cellularity were evident in the ART-57 midtreatment biopsy, and the posttreatment surgical biopsy exhibited marked chemotherapy effects on cytologic appearance, including irregular nuclear shape and size and loss of chromatin detail (Fig. 3B) . Moreover, the patient's ipsilateral chest wall metastasis that arose 11 months after surgery in the absence of continued treatment had a similar appearance to the pretreatment primary tumor biopsy, indicating that chemotherapy-induced histologic changes were reversible (Fig. 3B) . Similarly, ART-11, ART-14, and ART-119 exhibited an overall reduction in tumor cellularity and altered tumor cell morphology after AC, including giant cell cytology, squamoid cytoplasms, and altered cell shape, respectively ( fig. S7 ). ART-14 and ART-119 also exhibited increased fibrous stroma after AC treatment. These histologic changes are consistent with those observed in human breast tumors after treatment and are associated with partial response to AC and poor overall survival (33) . One sample, ART-6, exhibited primary resistance characterized by continued tumor growth in the presence of AC and negligible histologic changes throughout NACT ( fig. S7 ). Together, these results indicated that PDXs recapitulate key histologic changes associated with chemotherapy treatment in tumors of patients with TNBC.
Transcriptomes of vehicle-treated and regrown tumors are highly similar but distinct from those of residual tumors To identify gene expression changes that accompany AC treatment, we performed whole-transcriptome sequencing (RNA-seq) on vehicle-treated, residual, and regrown tumors (data file S2). Vehicletreated and regrown tumors were size-matched. RNA-seq data were computationally purified of mouse sequences (34) , and gene expression alterations in the human tumor cell compartment were determined by differential expression analysis (data file S2). The transcriptomes of vehicle-treated and regrown tumors were highly similar (Fig. 4, A and B, and fig. S8A ). Thus, most gene expression changes observed in residual tumors reverted as the tumors regrew after AC treatment. Residual tumors exhibited hundreds of alterations in gene expression compared to vehicle-treated and regrown tumors. A total of 97 genes were deregulated in residual tumors across all three PDX models, and the 54 genes altered compared to vehicle-treated tumors fell into pathways involving the cytoskeleton and development (Fig. 4C) . Pathway analysis of genes that were Fig. 1 . PDX models of treatment-naïve TNBC exhibit diverse responses to AC. One or two cycles of AC were administered to PDX models of treatment-naïve TNBC starting on day 0 (arrows). All PDXs were derived from primary tumors with the exception of PIM001-M, which was derived from the dermal metastasis to the chest wall of the same patient from whom PIM001-P (primary tumor) was derived. Data are means ± SEM (n = 3 per group). deregulated in residual tumors compared to vehicle-treated tumors revealed consistent alterations in cell-cell adhesion, extracellular matrix remodeling, and inflammatory pathways across all three PDX models ( fig. S8B ). Gene Set Enrichment Analysis (GSEA) of hallmark pathways in residual tumor signatures revealed that although each PDX had a distinct hallmark activation profile, several pathways, including glycolysis, MYC signaling, p53 signaling, heme metabolism, mTORC1 signaling, EMT, and hypoxia, were altered in residual tumors of multiple PDX models ( fig. S9 ).
Next, patient gene expression data were mined to determine whether the expression changes induced by AC treatment of PDX tumors were similar to those reported for patient tumors after NACT. Analysis of tumors from 89 TNBC patients after NACT revealed that subsets of tumors have activation of MEK and/or TGF- signaling (8) . MEK pathway activation was found to be modulated in both PIM001-M and PIM005 when the same MEK (35) and TGF- (36) scoring system was applied to the expression data from PDX residual tumors ( fig. S10A ). PDX expression data were also evaluated in the context of microarray data from 39 matched pre-and post-NACT breast tumor pairs collected in the I-SPY-1 trial (23). Post-NACT surgical biopsies clustered separately from pretreatment biopsies, and seven pathways were altered in residual tumors (fig. S10B). Several of these pathways, including glycolysis, p53 signaling, heme metabolism, and mTORC1 signaling, were also deregulated in residual tumors of multiple PDX models ( fig. S9 ). Thus, the reversible gene expression alterations observed in residual PDX tumors shared similarities with gene expression changes observed in residual tumors of chemotherapy-treated breast cancer patients.
Proteomes of residual tumors differ from those of vehicle-treated and regrown tumors
Vehicle-treated, residual, and regrown tumors were subjected to reverse-phase protein array (RPPA) to identify alterations in protein amounts and activation states that accompany a cycle of NACT treatment (data file S3). Whereas numerous proteins were differentially expressed and/or activated in residual tumors relative to vehicle-treated and regrown tumors, there were no significant differences between vehicle-treated and regrown tumors (fig. S11, A and B). Several proteins were enriched in residual tumors relative to matched vehicle-treated tumors across multiple PDX models, including those involved in cytoskeleton structure and activated fibroblasts [HSP27-pS82, myosin-11, caveolin-1, collagen-VI, platelet-derived growth factor receptor  (PDGFR-), and fibronectin], unfolded protein response (XBP1), fatty acid metabolism (ACC1), and interferon signaling (IRF1) ( fig. S11C ). Many of these cellular processes were altered in residual tumors at the transcriptomic level as well ( Fig. 4C and fig. S8B ). Note that stromal infiltrates and desmoplasia contributed to the distinct proteome identified in residual tumors, because most antibodies on the RPPA panel do not distinguish between human and mouse proteins. For example, immunohistochemistry (IHC) confirmed that FASN and ACC1-pS79 were increased in tumor cells, whereas fibronectin and PDGFR- were increased in the stromal component of residual PIM001-P tumors ( fig. S11D ). Together, these results revealed that residual tumors entered a transient phenotypic state characterized by both tumor cell and stromal cell alterations, which was reversed after discontinuation of AC.
Barcode-mediated clonal tracking during a cycle of NACT in vivo reveals lack of clonal selection in residual tumors
We next sought to identify the population(s) of pretreatment tumor clones that conferred tumor cell survival and regrowth after AC treatment. High-complexity barcode-mediated clonal tracking was used to quantitatively track clonal populations of PDX tumor cells (Fig. 5A) . Tumors from the three PDX models were harvested, dissociated into single cells, depleted of mouse stroma ( fig. S4 ), and transduced with a pooled lentiviral library of more than 50 million unique DNA barcodes at a low multiplicity of infection (MOI) to ensure that most transduced cells received a single viral integrant (one unique barcode). To eliminate nontransduced cells, we cultured cells as spheroids and exposed them to brief drug selection (fig. S12A). Next, barcoded tumor cells were engrafted into the MFPs of recipient mice, and a reference cell pellet was frozen ( Fig. 5A and fig. S12B ). To avoid high rates of necrosis that typically occur in large tumors, we compared size-matched treatmentnaïve and regrown tumors after AC treatment. When barcoded tumors reached 150 mm 3 , mice were euthanized and their untreated MFP tumors were collected. The remaining barcoded mice were treated with AC, mice were euthanized, and tumors were collected at the tumor volume nadir 21 days after AC treatment (residual tumors) as well as when tumors regrew to 150 mm 3 (regrown tumors) (Fig. 5A) . Genomic DNA was extracted, and genome-integrated barcodes were quantified by Illumina next-generation sequencing.
We observed high concordance of barcodes detected in technical replicate library preparations, but because of the high complexity of the library and low MOI used, there was no correlation of the barcodes detected between replicate mice ( fig. S12C ), so downstream analyses focused on comparisons of barcode quantities and distribution patterns between mice. The high complexity of the barcode library enabled detection of prevalent and extremely rare barcoded lineages in each sample. In PIM001-P, an average of 240,322 unique barcodes was observed in the preimplantation reference cell pellet, whereas an average of 24,442 unique barcodes was observed in vehicletreated tumors. This corresponded to a tumor-initiating cell frequency of 10.17% ( fig. S12, B and D) . The total quantity of unique clones was not significantly altered in any of the AC-treated PDX tumor samples ( fig. S12D) . Thus, although AC treatment resulted Fig. 4 . Shifts in the transcriptome of residual tumors are reversible. Vehicle (blue; day 0), residual (green; AC-treated day 21), and regrown (purple; AC-treated day 50) tumors were subjected to RNA-seq. (A) RNA-seq data were analyzed by principal components analysis, and the first two principal components (PC1 and PC2) are plotted for each PDX model. Principal components were calculated using log 2 -transformed transcripts per million (TPM) values for the 500 genes with the highest variance between samples, considering only genes with at least 20 reads in at least one sample. The mean was set as zero. (B) Within each PDX model, genes significantly altered (log 2 FC ≥ 0.5, false discovery rate (FDR) < 0.05, Benjamini-Hochberg test, sum of TPMs across all samples ≥ 100) in any pairwise comparison [vehicle (veh.) versus regrown (regr.), residual (res.) versus vehicle, and residual versus regrown] are displayed in a heat map organized by hierarchical clustering. The color scale refers to TPMs. (C) Genes significantly differentially expressed, as defined in (B), in residual tumors compared to vehicle-treated tumors were compared between three PDX models. The list includes significantly altered process networks (GeneGo Metacore) regulated by the 54 genes significantly differentially expressed in residual tumors compared to vehicle-treated tumors across all three PDX models. NADPH, reduced form of nicotinamide adenine dinucleotide phosphate; ROS, reactive oxygen species.
of 15
in substantially reduced tumor cell number, tens of thousands of uniquely barcoded tumor cells persisted after AC treatment.
Because most barcodes were maintained in very low quantities, we focused downstream analyses on dominant clones (defined as uniquely barcoded lineages) that substantially contributed to the tumor bulk by quantifying the top 95% most abundant barcodes in each sample. AC-treated tumors harvested in both the residual and regrown states revealed maintenance of both rare and high-abundance clones (Fig. 5B) . The number of dominant barcodes, as well as the Shannon diversity index, remained unchanged between residual and pretreated tumors (Fig. 5, B and C, and fig. S12E ). The lack of barcode enrichment in residual tumors demonstrated that all pretreated tumor clones had similar fitness for surviving AC treatment. By contrast, regrown tumors tended to harbor fewer dominant barcodes and a lower Shannon diversity index relative to pretreated and residual tumors (Fig. 5, B and C, and fig. S12E ). Together, these results demonstrated that AC treatment induced nonselective killing of tumor clones and that residual tumor cells could experience a selective bottleneck as they regrew. This selective regrowth of tumor subclones could be due to inherent properties, genomic and/or phenotypic, harbored within these clones, or due to stochastic outgrowth of tumor cell subpopulations from the residual state.
Clonal architecture is conserved throughout a cycle of AC treatment WES was conducted to determine whether reproducible alterations in genomic architecture occurred in replicate mice after AC treatment (data files S4 to S6). After subtraction of mouse sequences and mutations present in the germline of the patient whose tumor was used to generate PIM001-P, the mutant allele frequency (MAF) of each somatic nonsilent mutation was calculated in pretreated, residual, and regrown tumors (fig. S13A ). The spectrum of MAFs was highly correlated between replicate tumors within each treatment group, indicating that the architecture of genomic subclones was stably transplantable and reproducible between mice ( fig. S13B ). Significant alterations in MAFs (|MAF| ≥ 0.05) were not observed between the three treatment groups (fig. S13, C and D). All mutations present in pretreated tumors were also detected in residual and regrown tumors, and de novo mutations were not detected after AC. Similarly, cancer cell frequencies estimated using PyClone (37) to normalize for copy number status (data file S6) and tumor purity were consistent between treatment groups, revealing stable subclonal architecture throughout a cycle of AC treatment (Fig. 5D and  fig. S14 ). These results indicated that genomic alterations did not account for the survival and repopulation capacity of residual tumor cells after AC. Furthermore, the barcoded subclones that became enriched in regrown tumors recapitulated the genomic, transcriptomic, proteomic, and histologic features of the treatment-naïve state, suggesting that the selective bottleneck in regrown tumors did not functionally affect the tumor cell population.
Genomic architecture is maintained in patient TNBCs after AC Next, we analyzed the first WES data available from the breast tumors of two patients with treatment-naïve TNBC (ART-57 and ART-6) enrolled on an ongoing clinical trial [ARTEMIS (31) ] at MDACC (data files S4, S7, and S8). ART-57 had RCB-II at the time of surgery, whereas ART-6 had RCB-III (Fig. 6A) . We compared biopsies obtained before treatment and after four cycles of AC (midtreatment; Fig. 6A ) using PyClone (37) to estimate subclone prevalence after normalization for tumor purity and local copy number status. This analysis did not identify subclone enrichment or acquisition of new mutations after AC treatment in the tumors of either patient (Fig. 6, fig. S15 , and data file S7). These results are consistent with findings made in our PDX models. By contrast, surgical biopsies obtained from these patients after they underwent additional combination therapies that included chemotherapy, targeted therapy, or immune therapy (atezolizumab + paclitaxel for ART-6 and panitumumab + carboplatin + paclitaxel for ART-57) revealed subclone expansion and evolution of likely de novo mutations (Fig. 6 and fig. S15 ).
Residual tumors exhibit a dependency on mitochondrial oxidative phosphorylation
Because of the adaptive nature of chemoresistance observed during a cycle of NACT, we investigated phenotypic features present in the residual tumor state that could serve as potential therapeutic targets. GSEA of RNA-seq data revealed that glycolysis was down-regulated in residual tumors of all three PDX models ( fig. S9 ) and in post-NACT residual tumors of a cohort of 39 patients (23) with breast cancer (fig.  S10B ). This reduction in glycolysis after NACT suggested that oxidative phosphorylation could serve as a compensatory metabolic pathway in residual tumors. Mitochondrial oxidative phosphorylation was the most significantly up-regulated pathway in residual PIM001-P tumors compared to vehicle-treated PIM001-P tumors. To determine whether residual tumors exhibited increased oxidative phosphorylation and/or reduced glycolysis, we measured oxygen consumption rate (OCR; a readout for oxidative phosphorylation) and extracellular acidification rate (ECAR; a readout for glycolysis) in PIM001-P tumor cells that had been isolated from untreated and AC-treated residual tumors and depleted of mouse stroma. Residual tumor cells exhibited higher OCR and lower ECAR than untreated tumors ( fig. S16A ). To test the dependency of residual tumors on mitochondrial respiration, we conducted preclinical trials with IACS-010759, an inhibitor of the mitochondrial electron transport chain complex I (38) . As a single agent, IACS-010759 delayed tumor growth compared with vehicle, although it was not as effective as AC treatment (Fig. 7) . Moreover, IACS-010759 delayed the regrowth of AC-treated residual tumors in all three PDX models (Fig. 7) .
Using the additive hazards model (39), the combination of AC and IACS-010759 was found to be synergistic, rather than additive, when IACS-010759 treatment followed AC treatment (Fig. 7 and data file S9). PIM001-P residual tumors that became resistant to IACS-010759 remained sensitive to AC (Fig. 7A) . A reduction in hypoxia was observed in tumors treated with IACS-010759, confirming that the drug was bioavailable and engaged its target ( fig. S16B ). These results demonstrated that the efficacy of IACS-010759 was enhanced in the post-AC residual setting compared with the treatment-naïve setting and suggest that a sequential regimen consisting of AC followed by IACS-010759 could prolong duration of responses to chemotherapy in TNBCs.
Because of the dynamic nature of the residual tumor state, we sought to determine whether epigenetic mechanisms contribute to AC resistance. Using residual tumor gene expression signatures, we (A) NOD/SCID mice bearing PIM001-P tumors were treated with an inhibitor of oxidative phosphorylation (IACS-010759, orally, once daily) or vehicle in the treatment-naïve or in the residual setting after AC treatment (">" in the figure indicates sequential treatments). Days of IACS-010759 treatment are indicated by brackets. Days of AC treatment are indicated by arrows. ***P < 0.001 (day 21), ****P < 0.0001 (day 61), analysis of variance (ANOVA). Data are means ± SEM (n = 4 to 6 per group). The right panel is a K m curve of the time for each mouse's tumor to reach 200% of the starting tumor volume (measured on day 0), and the log-rank P value is shown. Testing for interaction of treatment effects using a hazards model (data file S9) shows synergy in the AC + IACS-010759 sequential combination (****P < 0.0001). (B) As above, mice bearing PIM001-M tumors were treated with the indicated agents. ****P < 0.0001 (days 31 and 66), ANOVA. Data are means ± SEM (n = 3 to 9 per group). Testing for interaction of treatment effects using a hazards model (data file S9) shows synergy in the AC + IACS-010759 sequential combination (****P < 0.0001). (C) As above, mice bearing PIM005 tumors were treated with the indicated agents. ****P < 0.0001 (days 21 and 48), ANOVA. Data are means ± SEM (n = 4 to 8 per group).
used the Virtual Inference of Protein-activity by Enriched Regulon (VIPER) algorithm (40) to identify differentially activated epigenetic regulatory proteins in residual PDX tumors compared to vehicletreated tumors. This analysis revealed that the activity of numerous epigenetic regulatory proteins is predicted to be altered in residual tumors (data file S10). HDAC7, HDAC10, and SIRT7 were the epigenetic regulators predicted to have the highest up-regulation of activity across the three PDX models. Regulators such as these are promising contributors to the residual tumor state, and dual targeting of both metabolic and epigenetic programs may provide durable responses in TNBC.
DISCUSSION
Elucidating the molecular basis of chemoresistance in TNBC and identifying functional vulnerabilities of chemoresistant tumor cells is a critical unmet clinical need requiring the development of models that faithfully recapitulate the human disease and its responses to therapy. In this study, PDX models of treatment-naïve TNBC were generated and subjected to AC treatment, recapitulating molecular features observed in the tumors of TNBC patients undergoing NACT. Although TNBC is a disease with extensive interpatient heterogeneity, and it is widely assumed that treatment regimens will eventually need to be tailored to the unique properties of an individual patient's tumor, there may be common properties of the residual tumor state that are targetable across patients, including a dependency on oxidative phosphorylation, for example.
A major goal of this study was to characterize residual tumors that survived AC to determine whether chemotherapy resistance was due to intrinsic (genomic) and/or acquired (nongenomic) mechanisms and to determine whether resistant tumors had specific vulnerabilities that could be targeted therapeutically. We found that adaptive mechanisms accounted for AC resistance in the three PDX models tested. Our data revealed that all tumor subclones were equally capable of adopting a drug-tolerant state characterized by distinct histologic features, transcriptomes, and proteomes. Reversibility was a key feature of this drug-tolerant state, and the histologic, genomic, and transcriptomic features of pretreated tumors were restored when residual tumor cells repopulated the tumors after treatment. Barcoding revealed that not all clones were equally capable of repopulating the tumor once treatment stopped. Although this regrowth was not accompanied by genomic selection, phenotypic properties not rooted in genomic features may have endowed a subset of clones with the capacity to preferentially repopulate the tumor.
Features of the residual state documented in our study that recapitulate observations made in tumors of TNBC patients undergoing NACT include (i) lack of enrichment in cells with stem-like or tumorinitiating properties (9); (ii) chemotherapy-induced histologic features that are reversible after treatment [also in (33) ]; (iii) transcriptomic alterations similar to those identified in a cohort of residual TNBCs after NACT (8) and signatures generated from matched pre-and post-NACT TNBC biopsies (10, 23) ; and (iv) lack of clonal selection consistent with findings in TNBC patients identified in our study as well as in subsets of patients in other studies using in situ analysis (9) and next-generation sequencing analyses (5, 10) of matched pre-and post-NACT TNBC biopsies. Last, clinical studies demonstrating that chemotherapy rechallenge of breast cancers after disease progression elicits repeated responses in some patients (41, 42) are consistent with the regained chemosensitivity in regrown tumors observed in our AC-treated PDX models. A recent study using singlecell sequencing analyzed clonal architecture in matched pre-and post-NACT biopsies from four TNBC patients who harbored residual disease after NACT (10) . Although the NACT regimen in this study [up-front combination of anthracycline with a taxane followed by a combination of vascular endothelial growth factor (VEGF) inhibitor and chemotherapy] is not directly comparable to ours, three of these four patients exhibited shifts in clonal architecture, whereas one patient exhibited maintenance of clonal architecture after NACT, indicating that clonal architecture can remain stable or change during NACT treatment of TNBC. Thus, the PDX models reported in this study provide an opportunity to study the drug-tolerant state and adaptive mechanisms of AC resistance. It is also clear that clonal selection can accompany chemoresistance in the setting of treatmentnaïve TNBC in subsets of patients (5, 10) , which should be characterized in the appropriate PDX models.
Transcriptomic analyses revealed that mitochondrial oxidative phosphorylation was the most significantly up-regulated pathway in residual PIM001-P tumors and that glycolysis was down-regulated in residual tumors across three PDX models. Furthermore, our analysis of residual tumors of patients with breast cancer (23) revealed down-regulation of glycolysis, and oxidative phosphorylation is up-regulated in TNBC cell lines harboring MYC and MCL1 amplifications, which are frequently observed in chemoresistant TNBCs (43) . Although alterations in MYC and MCL1 copy numbers, expression, and amounts of protein were not observed in residual PDX tumors relative to their untreated counterparts, we demonstrated that IACS-010759 (38) , an inhibitor of mitochondrial oxidative phosphorylation, delayed the regrowth of AC-treated residual tumors, and additive hazards modeling revealed synergy when IACS-010759 followed AC treatment. Increased oxidative phosphorylation can contribute to therapy resistance in chronic myeloid leukemia, colon cancer, and prostate cancer cells (44, 45) , as well as in models of residual pancreatic cancer (46) . In addition, up-regulated oxidative phosphorylation contributes to cancer stem-like cell phenotypes associated with chemoresistance in breast cancer cells (43) . Given that AC-resistant residual tumors maintained the ITH of untreated tumors, it is not unexpected that IACS-010759 as a single targeted agent would be insufficient to eradicate all residual tumor cells. Several mechanisms could account for the incomplete response of tumors to IACS-010759 and the eventual regrowth of tumor cells in its presence, including outgrowth of tumor subclones not dependent on oxidative phosphorylation, activation of compensatory metabolic programs that bypass the requirement for oxidative phosphorylation, or clonal selection of tumor cells with acquired mutations in mitochondria complex I, the drug target. As preclinical studies identified well-tolerated doses of IACS-010759, it is currently in a phase 1 clinical dose-escalation study (NCT03291938) for patients with acute myeloid leukemia and solid malignancies, including breast cancer. Combination of IACS-010759 with additional chemotherapies and/or targeted therapies will necessitate careful management of toxicity profiles. Our data suggest that sequential administration of AC followed by IACS-010759 could prolong TNBC responses in the neoadjuvant setting and delay time to disease recurrence.
Given that TILs have been shown to affect how tumors respond to NACT (22, 23) , a limitation of our study is the use of mice lacking an intact immune system. In addition, the results obtained with AC may not be generalizable to other NACT regimens, for example, those that also include taxanes. Last, breast cancer patients undergo surgery after NACT to remove any residual disease at the primary site, and tumor regrowth generally occurs in metastases that have seeded before or during therapy. It will be important to assess whether metastatic lesions also adopt a drug-tolerant state during therapy because this is expected to affect therapeutic decisions moving forward.
MATERIALS AND METHODS

Study design
End points for animal experiments were selected in accordance with Institutional Animal Care and Use Committee (IACUC)-approved criteria. Statistical analyses were conducted when applicable and are included in figure legends. The objective of this study was to identify molecular alterations that occur upon AC treatment of PDX tumors. We performed next-generation sequencing, monitored tumor behavior in mice, and conducted targeted therapy treatments of PDX models in this study. For each animal experiment, mice were randomized on the basis of tumor volume. Investigators were blinded to treatment groups when monitoring tumor volumes and health status of mice. The number of replicates included in each experiment is indicated in each figure legend showing summary data (otherwise, individual data points for each replicate are shown in figures).
Study approval
This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals from the National Institutes of Health (NIH) IACUC. The protocol was approved by the IACUC at MDACC (protocol 0000978-RN01). Mice were euthanized when they became moribund or when they reached defined study end points. Animals were euthanized as dictated by the Association for Assessment and Accreditation of Laboratory Animal Care International and IACUC euthanasia end points. Informed consent was obtained from all human participants, and all relevant ethical regulations were followed as approved by the IRB and MD Anderson. Patient biopsies for PDX generation, histologic analysis, and next-generation sequencing were obtained through approved IRB protocols at the University of Texas MDACC (protocols 2011-0007 and 2014-0185).
Patient samples for histologic and genomic analyses
For histologic analyses, patient biopsies were fixed in formalin, then embedded in paraffin blocks. Sections were then stained with H&E. Biopsies for WES were immediately placed into RNAlater (Thermo Fisher Scientific) and stored at −80°C until DNA was extracted.
Generation of PDX models PDX models were established (30) , and details of each PDX line are outlined in data file S1. Briefly, the fourth MFPs of 3-to 5-week-old NOD/SCID mice [NOD.CB17-Prkdc scid /NcrCrl, Charles River, National Cancer Institute (NCI) Colony] were prehumanized with green fluorescent protein (GFP)-labeled immortalized human mammary stromal fibroblasts (EG) 3 to 4 weeks before tumor cell engraftment. Fine-needle aspirates were obtained from the breast tumors of patients diagnosed with TNBC who had not yet received any therapeutic intervention. Tumor cells were maintained on ice and brought to the laboratory within 1 hour. Cells were pelleted by centrifugation at 800g, washed with Dulbecco's modified Eagle's medium (DME):F12 supplemented with 5% bovine calf serum, and resuspended in red blood cell lysing buffer (R7757, Sigma-Aldrich). Cells were filtered through a 70-to 100-m sterile filter. Tumor cells were mixed with EG fibroblasts (data file S1) and one-third volume Matrigel (Corning) and injected into prehumanized MFPs. Cells in Matrigel were maintained on ice until engraftment.
When tumors reached about 1000 mm 3 , they were harvested and dissociated into single cells and organoids by mechanical mincing, followed by digestion with collagenase (3 mg/ml; Roche) and hyaluronidase (0.6 mg/ml; Sigma-Aldrich) supplemented with 1.3% bovine serum albumin (Sigma-Aldrich) in DME:F12 containing antibiotics [penicillin (100 U/ml), streptomycin (100 g/ml), and amphotericin B (0.25 g/ml)]. Tumor digests were incubated on a rotating platform for 4 hours at 37°C. Digested PDX tumor cells were processed as described above. One million viable tumor cells were resuspended in 50% volume Matrigel and injected into nonprehumanized MFPs of NOD/SCID mice. /SzJ, The Jackson Laboratory) were used. No differences in tumor take rate, growth rate, or histologic characteristics were observed between NOD/SCID and NRG mice.
Chemotherapy treatment of PDX models
Adriamycin (doxorubicin, ChemieTek) powder was solubilized in sterile water for injection immediately before administration to mice. Cyclophosphamide (Baxter) was purchased from the MDACC pharmacy, and powder was solubilized in sterile water for injection immediately before administration to mice. The solutions were protected from light and were made fresh before injecting each cohort of animals. Each solution was administered by intraperitoneal injection separately at a dose volume of 5 to 10 ml/kg. Paclitaxel (ChemieTek) powder was solubilized in a sterile solution of 50% ethanol + 50% Kolliphor (Sigma-Aldrich) at a concentration of 20 mg/ml. This solution was diluted 1:20 in sterile saline solution immediately before intraperitoneal injection of mice at a dose volume of 10 ml/kg (corresponding to a dose of 10 mg/kg).
To identify a dose of AC that would be tolerated in PDX models and that would allow for long-term survival and analysis of resistance patterns, we first tested a dose of AC commonly used in the published literature for short-term studies (47, 48) , cyclophosphamide (100 mg/kg) + Adriamycin (2 mg/kg), to treat non-tumor-bearing NOD/SCID mice aged 10 weeks (to match the approximate age of mice bearing 150 mm 3 tumors). Because of observed toxicities, we conducted dose reduction studies ( fig. S1 ) to identify a dose that would allow mice to maintain health and overall condition for at least 60 days (a time sufficient to evaluate the overall response to AC). Health and body weight were monitored two to three times weekly. Animals were euthanized if they were in moribund condition or lost greater than 20% of their starting body weight. Chemotherapy-induced toxicity was monitored by analyzing blood cell counts and concentrations of serum liver enzymes at the MDACC Research Animal Support Facility (RASF). Serial retro-orbital bleeding of mice was conducted to obtain 50 l of blood, which was centrifuged at 600g for 5 min. Serum was submitted to the RASF for clinical chemistry analysis on the Roche Integra 400+. Serum concentrations of aspartate aminotransferase and alanine aminotransferase were measured according to the International Federation of Clinical Chemistry, but without pyridoxal-5′-phosphate. Serum alkaline phosphatase was quantified using a standard colorimetric assay measuring absorbance at 409 nm. Terminal total blood draws were conducted to obtain 200 l of blood to submit to the RASF for white blood cell counts using the Siemens ADVIA 120 Hematology System. This instrument was also used to measure hematocrit (the ratio of red blood cells to total blood volume) to monitor anemia induced by chemotherapy.
Dose reduction studies revealed that up to two cycles of cyclophosphamide (50 mg/kg) + Adriamycin (0.5 mg/kg) would allow mice to maintain good health for up to 65 days after initiation of dosing in NOD/SCID mice. Therefore, all AC treatments of NOD/SCID mice involved one or two cycles of cyclophosphamide (50 mg/kg) + Adriamycin (0.5 mg/kg). Treatment of PIM001-P tumor-bearing mice with this dose elicited as much reduction in tumor size as did higher doses of AC ( fig. S1G ). For long-term treatment studies using more than two doses of AC, NRG mice were dosed with cyclophosphamide (50 mg/kg) + Adriamycin (0.5 mg/kg) (see figure legends for dose frequency). NRG mice tolerated up to eight cycles of this dose concentration.
Barcode-mediated clonal tracking throughout chemotherapy treatment
Tumors were barcoded to enable high-complexity lineage tracing. We first confirmed whether PIM001-P tumor cells would maintain viability ex vivo for the time required for viral transduction and antibiotic selection. After mouse cell depletion by magnetic activated cell sorting (Miltenyi Mouse Cell Depletion Kit), viable human tumor cells were plated in mammosphere conditions (MammoCult, STEMCELL Technologies) in ultralow-attachment 96-well plates (Corning Costar) at a density of 1000 cells per well. Viability was monitored by CellTiter-Glo (Promega) luminescence assays according to the manufacturer's protocol and imaged using a CLARIOstar luminescence plate reader (BMC Lab Tech). We observed that cells maintained viability for about 2 weeks after tumor digestion, but that viability began decreasing after 6 days in mammosphere conditions. PDX tumors were harvested, pooled, dissociated into single cells, and depleted of mouse stroma by magnetic-activated cell sorting according to the manufacturer's protocol. Depletion of mouse cells was validated by flow cytometry analysis of cells stained with an antibody against mouse-specific major histocompatibility complex class I (anti-H2kd clone SF1-1.1, BioLegend). After mouse cell depletion, 30 million viable human tumor cells were plated in mammosphere conditions (MammoCult, STEMCELL Technologies) in ultralow-attachment plates (Corning Costar) at a density of 1.25 × 10 6 cells/ml. Immediately after plating, the pooled lentiviral barcode library was added to cells (CellTracker 50M packaged lentiviral barcode library, catalog no. BC13X13-30M-V, Cellecta) at an MOI of 0.2 to ensure that each infected cell received only one single barcode, along with polybrene (10 g/ml; Sigma-Aldrich). Cells were maintained at 5% CO 2 . Medium was replaced with fresh MammoCult 24 hours after addition of lentivirus. Cells were maintained in mammosphere conditions for an additional 48 hours. At that time (36 hours after tumor digestion), medium was refreshed, and puromycin was added to a final concentration of 2.5 g/ml. An aliquot of nontransduced cells was maintained and treated with puromycin to confirm complete cell killing. Cells were maintained in puromycin-containing medium for a total of 36 hours. An aliquot of cells was used to confirm appropriate transduction efficiency by flow cytometry to detect red fluorescent protein (RFP) (present in the lentiviral backbone) on day 5 after lentiviral transduction.
A total of 6 days after tumor cell digestion, barcoded cells were pelleted, washed, resuspended in fresh MammoCult, and counted. One million viable barcoded cells in MammoCult were combined with 50% Matrigel (354234, Corning) and engrafted into the nonprehumanized MFPs of NOD/SCID mice. Two preimplantation reference pellets of 1 million cells each were snap-frozen at that time.
Time point matching of vehicle-treated tumors with AC-treated regrown tumors (harvested 50 days after initiating treatment) was not possible due to limitations in allowable animal tumor burden. Thus, downstream studies were designed to compare AC-treated tumors with pretreated tumors harvested on the day of treatment initiation (day 0), representing the subclonal architecture present at the time of treatment initiation.
Barcoded mammary tumors were monitored until they reached ~150 mm 3 to avoid necrosis and loss of subsets of barcodes (about 6 weeks after implantation), at which time three to four mice were euthanized and each mammary tumor was snap-frozen (vehicletreated samples). The remaining barcoded mice each received one dose of AC. Twenty-one days after the dose of AC, at the tumor size nadir, a subset of mice was euthanized and the residual tumors were collected. The remaining mice were monitored until 50 days after the dose of AC, at which point tumors regrew to 100% of the initial tumor size. At that time, regrown tumors were collected. For each tumor collection, total tumors were resected and snap-frozen without dividing the sample to avoid loss of barcodes.
Mammosphere formation and limiting dilution transplantation assays PDX tumors (vehicle-treated tumors and residual tumors harvested 21 days after the first dose of AC) were resected, and cells were dissociated and depleted of mouse stroma as described above. Viable human cells were counted using Cellometer (Nexcelom) and plated at 500, 1000, or 2000 cells per well in ultralow-attachment 96-well plates in mammosphere conditions as described above with medium including 1% methylcellulose. The medium was refreshed with 20% volume of fresh medium every 4 days, and mammospheres were counted 20 to 24 days after plating without passaging cells.
To facilitate the limiting dilution transplantation assay, we used a subline of PIM001-P that had been labeled with a bioluminescent and fluorescent marker (49) . Briefly, this subline was generated by ex vivo transduction of PIM001-P tumor cells with a lentivirus encoding Click beetle red luciferase and mCherry, followed by fluorescenceactivated cell sorting and re-engraftment into NOD/SCID mice. Mice were treated with vehicle or AC, and tumors were harvested in the vehicle-treated or residual state. PIM1-CBRluc tumors were resected, and cells were dissociated and depleted of mouse stroma as described above. Viable cells were counted using Cellometer (Nexcelom) and immediately engrafted into the fourth MFPs (both right and left sides) of NOD/SCID mice as described above. Bioluminescence imaging (BLI; IVIS Lumina and IVIS Spectrum, PerkinElmer) was performed and used to monitor tumor growth every 4 weeks until tumor resection (18 to 22 weeks later), at which time resected tumors were imaged by BLI ex vivo to confirm their identity as PIM1-CBRluc tumors.
Treatment of PDX models with oxidative phosphorylation inhibitor
For the oxidative phosphorylation inhibitor study, NOD/SCID mice were engrafted with PIM001-P, PIM001-M, or PIM005 tumors as described above. Once tumors reached 100 to 150 mm 3 , mice were randomized into treatment groups based on tumor volume (determined by measurement with digital calipers). Mice were treated with an oxidative phosphorylation inhibitor [IACS-010759 (38), 5 mg/kg, 10 ml/kg, orally, once daily; n = 6], vehicle for IACS-010759 (0.5% methylcellulose, 10 ml/kg, orally, once daily; n = 6), or a single dose of AC (intraperitoneal; n = 20) (initiation of treatments = day 0). IACS-010759 was formulated as previously described (38) and was stored for up to 1 week at 4°C with constant stirring. Body weight and tumor size were monitored two to three times weekly. AC-treated mice were rerandomized on the basis of tumor size at the tumor size nadir (20 days after the dose of AC). AC-treated mice then began either IACS-010759 (n = 10) or vehicle (0.5% methylcellulose; n = 10) treatment (orally, once daily) on day 21 after the dose of AC. Of PIM001-P mice treated with AC followed by IACS-010759, a subset (n = 5) was treated with an additional dose of AC on day 69, and IACS-010759 treatment was halted.
In all studies, mice were euthanized when they showed signs of poor health or when tumors reached 1000 to 1500 mm 3 . Tumor growth curves and K m plots were generated using GraphPad Prism. Log-rank P values for K m plots were calculated using the R package for survival analysis. The additive hazards model (39) was used to determine whether there was synergy when IACS-010759 treatment followed AC treatment (Fig. 7) .
Statistics
Two-tailed unpaired t tests were used when comparing two groups. When comparing three groups, ANOVA tests were used with Tukey's multiple comparisons tests to calculate adjusted P values. P < 0.05 was considered statistically significant. For RNA-seq analyses, gene expression was evaluated using DESeq2, and differentially expressed genes were selected on the basis of FDR of <0.05 using BenjaminiHochberg tests. Log-rank P values for K m plots were calculated using an R package for survival analysis. The additive hazards model (39) was used to assess drug synergy in pharmacologic studies. Normal-based 95% confidence intervals were calculated for each statistical test.
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